During periods of reduced dry matter intake, the expression of ghrelin gene is upregulated (Tena-Sempere, 2007) , whereas it is suggested that ghrelin is involved in regulating energy balance and homeostasis (Horvath, Diano, Sotonyi, Heiman, & Tschöp, 2001 ). The GHS-R is primarily located in the central nervous system (hypothalamus and pituitary), but it has been also detected in other-endocrine and non-endocrine-tissues of many species. For example, ghrelin and its receptor have been detected in the liver, causing increased gluconeogenesis and decreased glucose uptake (Rigault, Borgne, Georges, & Demarquoy, 2007) , while it promotes adipose tissue deposition by reduced utilization and metabolism of fat (Tschöp, Smiley, & Heiman, 2000) . During reduced energy intake, ghrelin contributes to blood glucose maintenance, either through increased GH secretion, or via direct, but yet unknown mode of action (Zhao et al., 2010) .
Regarding reproduction, ghrelin contributes to the control of gonadotropin secretion. Studies conducted in rats, rhesus monkeys, sheep and cows have demonstrated that ghrelin administration attenuates LH secretion (Fernández-Fernández, Tena-Sempere, Aguilar, & Pinilla, 2004; Iqbal, Kurose, Canny, & Clarke, 2006; Vulliémoz et al., 2004) . In previous studies, we provided evidence that peripherally administered acylated ghrelin inhibits the GnRH-induced preovulatory surge of LH and FSH both in cattle and sheep (Chouzouris et al., 2016; Dovolou et al., 2013) . Further, we have shown that acylated ghrelin accelerates in vitro oocyte maturation, reduces blastocyst formation rate and alters the expression of many genes related to metabolism, glucose utilization, oxidation, placentation and apoptosis in oocytes, cumulus cells and embryos (Chouzouris et al., 2017; .
During the last decades, continuous drop of dairy cows' fertility has been globally witnessed; this is due to delayed restoration of ovarian cyclicity, reduced conception rates at AI and increased rate of early embryonic deaths (Walsh, Williams, & Evans, 2011) . To a large extent, all these fertility restrainers are attributed to nutrition and metabolism. It is well documented that during oestrus, cows produce less milk (Lopez, Satter, & Wiltbank, 2004) , possibly due to reduced dry matter intake (Reith, Pries, Verhülsdonk, Brabdt, & Hoy, 2014) . On the other hand, during gestation, energy requirements are increased and energy partitioning favours pregnancy maintenance to sustain the build-up of foetal tissues in the expense of lactation and dam's body reserves. As the multifaceted role of ghrelin including regulation of feed intake (Wertz-Lutz et al., 2006) , insulin secretion (ThidarMyint, Yoshida, Ito, & Kuwayama, 2006) , glucose (Itoh et al., 2005) and gonadotropins' secretion (Chouzouris et al., 2016) is well established, the purpose of the present study was to investigate possible associations between total ghrelin concentrations and metabolic parameters or luteinizing hormone secretion (a) in heifers under short lasting feed restriction and (b) during a period of naturally occurring decreased dry matter intake that is the perioestrual period of lactating cows.
| MATERIAL S AND ME THODS
All animals received humane care; the procedures described herein were cohered to the principles and guidelines of the EU regulations and were approved by the Ethical Committee of Animal Welfare of the University of Thessaly.
The experiments were conducted in a dairy farm of central Greece, consisting of 250 milking Holstein cows, with a mean production of 9,113 kg milk per lactation. The animals were housed in open barns with cubicles and were allotted in groups according to the level of milk production.
One month prior to the scheduled experiment, the heifers of experiment one were moved to a separated barn, where they kept tethered for at least 3 hr per day.
| Experiment 1: Effects of short-lasting food restriction on LH secretion in fasted and normally fed heifers
Twelve Holstein heifers (age 14.9 ± 0.8 months, BW 325.3 ± 29.6 kg)
were randomly allocated into three groups: R (regularly fed, controls), F (fasted) and F-F (fasted-fed), each n = 4. The animals were fed twice daily (08.00 and 20.00) a total mixed ration (TMR) formulated according to the NRC recommendations to meet their demands. The oestrous cycles of the animals were synchronized by a progesterone-releasing intravaginal device (PRID Delta; CEVA, Libourne, France) for 7 days, and a luteolytic dose of prostaglandin F2α (600 μg, cloprostenol; Estrumate, MSD, Fryesoythe, Germany) was administered 24 prior to PRID removal.
Oestrous detection was carried out by visual observation thrice daily (oestrus, day 0). The day after the PRID removal, the animals were fitted with an indwelling jugular vein catheter to allow non-stressful sampling.
The same day the animals of groups F and F-F stayed without feed for 24 hr. In the next morning, feed was offered to the animals of groups R and F-F, and two hours after feeding (10.00 a.m.), a GnRH analogue (0.025 μg/kg, buserelin; Receptal,-Merck, Boxmeer, the Netherlands) was i.m. administered to the animals of all groups, to evoke a timed LH surge. Starting at the time of GnRH administration (time point 0) and 30, 60, 90, 120, 150 and 180 min thereafter, a blood sample (10 ml) was collected in plain vacutainers for LH, progesterone and cortisol determination. Three additional blood samples were collected prior to feeding (T0), 90 and 180 min later (T90 and T180) into EDTA containing tubes for total ghrelin determination; hence, T180 coincided with time point 60 of LH determination. The tubes were immediately placed into crushed ice; the sera or plasma were separated by centrifugation within 15 min at 445 g and stored at −20°C until assayed.
| Experiment 2. Assessment of total ghrelin secretion during perioestrual period in cows and heifers
Six cyclic Holstein cattle (three lactating cows and three heifers) were used. The animals of both groups had similar mean body condition score (3.25 ± 0.25). The cows were on their second lactation, they had 65, 73 and 88 days in milk (DIM) producing more than 37 L of milk daily, and the heifers aged 14, 13.5 and 14 months. The animals were fed TMR formulated according to their requirements, as previously described; the food was offered twice daily at 12 hr intervals. The oestrous cycles of the animals were synchronized as in experiment 1, and on day 9 of the ensuing cycle, PGF2α was administered to induce oestrus and ovulation. Starting on the day before the PGF2α injection and until day 3 of the cycle (oestrus, day 0), blood samples were collected every 12 hr. Serum and plasma were separated as in experiment 1, and samples were stored at −20°C, until analysis for total ghrelin oestradiol (E2) and progesterone (P4).
| Assays
All assays were performed in duplicates.
Total plasma ghrelin concentrations were measured in an automatic gamma counter (Cobra II/5010; Packard, USA), by a commercial RIA diagnostic kit (Diasource ImmunoAssays, Louvain-la-Neuve, Belgium) as previously described (Chouzouris et al, 2016) . The kit is designed for human samples; for this reason, a validation of the assay for use with cattle plasma was carried out before assaying the samples. Bovine samples (n = 5) were serially diluted (1:1, 1:2, 1:4, 1:8 and 1:16) and assayed in duplicates. The yielded curves were similar to the standard curve, showing evident parallelism. To test recovery, known concentration of exogenous ghrelin (100, 200, 400 and 800 pg/ml) were added in three bovine plasma samples of unknown ghrelin concentration. Recovery test yielded an overall average recovery of 86.5%. The sensitivity of the assay was 40 pg/ml, and the intra-and interassay variations were 5.3% and 8.2%, respectively. Serum concentrations of LH were measured by a commercially available ELISA kit (Abnova, Taipei, Taiwan) according to manufacturer's instructions. Optical density was read at 450 nm using an automated microtiter plate reader (MRC Scientific Instruments, Israel). The sensitivity of the assay was 0.3 ng/ml, and the intra and interassay coefficients of variations for two serum pools containing low and high concentrations of the hormone were 6.4%, 8.9% and 8.8%, 9.7%.
Estradiol-17β concentrations were determined by electrochemiluminiscence immunoassay (ECLIA) with a commercial test kit according to the manufacturer's instructions, using a Roche Elecsys 2010 type immunoassay analyzer (ECLIA; Estradiol II, Elecsys; Roche, Mannheim, Germany). The assay sensitivity was 12 pM (3.2 pg/ml), and the intra-and interassay CVs were 5.2% and 7.4%, respectively).
Progesterone concentration was determined by a commercial ELISA kit (NRG, Marburg, Germany). Sensitivity of the assay was 0.08 ng/ml, and the intraassay and interassay coefficients of variation for two serum samples containing low and high concentrations were 5.4%, 6.8% and 9.7%, 5.6%, respectively.
Cortisol concentrations were determined a by solid-phase, competitive chemiluminescent enzyme immunoassay, using a commercial diagnostic kit (Cortizol, Siemens Healthcare Diagnostics Ltd, UK), in an automatic immunoassay analyzer (IMMULITE 1000;
Siemens Healthcare Diagnostics, Germany).
Whole blood glucose and BHBA were analysed with cow-side tests (FreeStyle, Precision Neo, Glucose and Ketone respectively, Abbot Diabetes Centre, Witney, UK).
| Statistical analysis
A longitudinal data analysis using linear mixed models was considered in all cases in order to deal with the repeated measures over time nature of the data. The mean structure was selected using likelihood ratio tests. In order to allow for different average evolutions over time between the several feeding or age groups, the models considered included a feed or age effect, without an overall intercept, while the time effects were only considered with respect to the feeding/age groups. This was done by only including the time by feed/age interactions. In order to determine significant difference between groups, F-tests were performed. Moreover, simple ANOVA with repeated measures followed by Duncan's F-range test was performed to draw inferences related to the main effects of treatment and time and to the interactions between treatment and time. In experiment 2, curve estimation regression analysis of timerelated changes of blood ghrelin in cows or heifers was performed.
In all tests performed, p-values lower than 0.05 were considered statistically significant. The statistical software SAS version 9.04 and IBM SPSS Statistics 23 were used to perform the analyses.
| RE SULTS
3.1 | Experiment 1
| Progesterone
No significant evolution over time within the progesterone concentrations (likelihood ratio test yielded p > 0.09) in any of the three feeding categories. Progesterone levels were as follows: at time point 0, 0.4 ± 0.08 ng/ml, 0.3 ± 0.09 ng/ml, 0.2 ± 0.04 ng/ml; at time point 90, 0.3 ± 0.06 ng/ml, 0.3 ± 0.05 ng/ml, 0.3 ± 0.06 ng/ml and at time point 180, 0.3 ± 0.03 ng/ml, 0.4 ± 0.09 ng/ml, 0.3 ± 0.07 ng/ml, for groups R, F and F-F, respectively (p > 0.05).
| LH
There was sufficient evidence of evolution over time within the several feeding groups and more specifically a quadratic trend, with peak values appearing between T90 and T150 (likelihood ratio test yielded p < 0.0001).
There was sufficient evidence to support significant difference between the marginal evolution of the "F" group with the other two (F > R, F > F-F, p < 0.0001 in both cases).
In all groups, the GnRH administration evoked a clear LH surge.
At the time of GnRH administration (time point 0), no difference was detected in mean LH concentration among groups (3.5 ± 0.6, 3.4 ± 0.1, 2.9 ± 1.1, for groups R, F and F-F, respectively). The GnRHinduced LH surge, expressed as the area under the curve (AUC), was greater in group R animals compared to those of groups F and F-F (166.7 ± 8.3, 94.0 ± 6.5, and 89.7 ± 9.4) for groups R, F and F-F, respectively, (p < 0.01). At time point 30, LH concentration was significantly higher in comparison to that of time point 0, only in group R (3.5 ± 0.6 ng/ml and 13.3 ± 3.4 ng/ml for time points 0 and 30, respectively); thereafter, at all time points, in all groups, LH was steadily higher than that at time point 0. At time points 60, 90, 120 and 150, LH concentration was higher in group R compared to groups F and F-F (p < 0.003). ANOVA revealed a significant (p < 0.03) effect of Group (R > F, F-F), Time (90, 120, 150, 180 > 0, 30, 60) and Group x Time on blood LH concentration. No difference was detected in LH concentration between groups F and F-F (Figure 1) .
| Ghrelin
There was sufficient evidence of significant evolution over time within the several feeding groups and more specifically a linear trend (R: T0 > T90, F-F: T0 > T180; likelihood ratio test: p < 0.003).
The applied F-tests, in this case, yielded significant differences in the marginal evolution of ghrelin levels between all the different feeding groups. More specifically, there was significant difference between R and the F groups (R < F, p < 0.003), as well as between R and F-F groups (R < F-F, p < 0.04).
Prior to feed supply to groups R and F-F (time point T0) ghrelin concentration was the lowest in group R animals (495.0 ± 13.6 pg/ ml, 698.5 ± 59.6 pg/ml and 679.5 ± 57.1 pg/ml, for groups R, F and F-F, respectively, p < 0.02); no difference was detected between groups F and F-F. Ninety and 180 min later (time points T90 and T180), ghrelin concentration was the highest in group F (p < 0.02); no difference was detected between groups R and F-F. ANOVA revealed a significant (p < 0.02) effect of group (F > F-F > R) and time (T0 > T90, T180) on blood ghrelin concentration. Mean total ghrelin concentrations are presented in Figure 2 
| Cortisol
There was no significant evolution over time within the cortisol levels (likelihood ratio test yielded p > 0.07) in any of the three feeding categories.
F-tests yielded significant difference in the marginal evolution of the F category with regard to the R (F > R, p < 0.0005) and the F-F category (F > F-F, p < 0.005). No significant difference on the marginal evolution of R and F-F categories was noted (p > 0.25).
At time point 0, cortisol concentration was higher (p < 0.05) in group F (1.6 ± 0.3 μg/dl) compared to group R (0.7 ± 0.05 μg/dl) and to group F-F (0.9 ± 0.1 μg/dl) and remained higher at time points 90 and 180 (p < 0.01). No difference was detected at any time point between groups R and F-F. ANOVA revealed a significant (p < 0.05) effect of Group (F > F-F, R) on blood cortisol concentrations. Data on cortisol concentrations are presented in Figure 3 .
| Experiment 2
Regression curve estimation revealed a strong (F: 26.258, p < 0.0005, df:39) quadratic relation of time with blood ghrelin in cows, but not in heifers (Table 1) .
In response to PGF2α, heifers expressed oestrus 24 hr earlier than cows. At PGF2α administration, mean ghrelin concentration was higher (p = 0.013) in heifers (726.8 ± 72.6 pg/ml) than in cows (419.7 ± 35.5 pg/ml). In cows, 24 hr prior to oestrus, ghrelin concentration was higher compared to that measured at PGF2α administration (p = 0.014); the elevated ghrelin concentrations lasted until 12 hr after the end of standing oestrus (Figure 4 ). No differences were noted in ghrelin concentration in heifers. On the day of standing F I G U R E 1 Serum LH concentration after a GnRH analogue administration (arrow) in regularly fed (group R), fasted for 24 hr (group F) and fasted for 24 hr and subsequently fed heifers (group F-F). LH concentrations are presented as mean ± SE. The markers indicate significant (p < 0.003) differences (• for comparisons between R and F-F and * for comparisons between R and F) F I G U R E 2 Plasma total ghrelin concentration in heifers that were regularly fed (group R n = 4), fasted for 24 hr (group F, n = 4) and fasted for 24 hr and subsequently fed (group F-F n = 4). Samples were collected prior to feeding of groups R and F-F (T0) and 90 (T90) and 180 (T180) minutes later. Total ghrelin concentrations are presented as mean ± SE. At each time point, asterisks indicate significant (p < 0.02) differences among triplet of data presented oestrus, mean ghrelin concentrations of the two daily samples of cows and heifers were 600.0 ± 70.9 pg/ml and 755.7 ± 91.3 pg/ml, respectively. These concentrations were 42.9% and 1.7% higher than those of the day of PGF2α administration for cows and heifers, respectively.
Progesterone and oestradiol concentration measured at PGF2α administration and on the day of oestrus did not differ between groups. On the day of PGF2α administration mean blood glucose concentration was higher (p = 0.012) in heifers than in cows, while no difference was found on the day of oestrus. Mean blood BHBA concentrations were higher in cows than in heifers at PGF2α administration (p = 0.016) and at oestrus (p = 0.037). Data on progesterone, estradiol, glucose and BHBA are presented in Table 2 .
| D ISCUSS I ON
In this work, we have explored the role of endogenously released total ghrelin on pituitary responsiveness to an exogenous GnRH stimulus in heifers, under different satiety status. Subsequently, we have investigated for possible differences on total ghrelin concentrations during perioestrual period between cows and heifers. We have shown for the first time that elevated total ghrelin concentrations in response to, even the short lasting, feed restriction are able to blunt the GnRH-induced LH release, and that in cows, as opposed to heifers, the perioestrual period is characterized by increased total ghrelin concentrations.
| Experiment 1
Feed deprivation is a strong stressor, at which the animal reacts by enhanced secretion of glucocorticoids (Fürll, Kirbach, & Knobloch, 1993) . Synchronized regulation of hypothalamic releasing hormones, such as CRF, and catecholamines are the major biochemical and physiologic manifestations of stress (Nockels, 1990) . While in group F animals, cortisol remained at high concentrations throughout the sampling period, and in F-F animals, it returned to basal levels soon after feed consumption. Therefore, our results are in agreement with previous report (Mudron, Rehage, Sallmann, Höltershinken, & Scholz, 2005) providing evidence that peripheral cortisol concentrations are primarily linked to the intensity of the stressor-in our case, the hunger-and to a lesser degree to the overall energetic status of the animal.
In many species, blood concentration of acylated ghrelin increases pre-prandially, acting as an appetite promoter, and soon after feed consumption, they return to basal levels (Harrison, Miller, Findlay, & Adam, 2008; Sugino et al., 2002) . In cattle, total ghrelin has been shown to increase during fasting in a mode similar to that of the acylated form (Börner et al., 2013) . These findings F I G U R E 3 Serum cortisol concentration in heifers that were regularly fed (group R, n = 4), fasted for 24 hr (group F, n = 4) and fasted for 24 hr and subsequently fed (group F-F, n = 4). Serum cortisol concentrations are presented as mean ± SE. At each time point, asterisks indicate significant (*p < 0.05; **p < 0.01) differences among triplet of data presented The elevated total ghrelin concentrations caused a significant decrease of the GnRH-induced LH release. The differences in LH secretion could not be attributed to negative feedback exerted by progesterone, as no difference was noted in progesterone concentration among groups, and the circulated hormone levels were very low. Studies in humans have shown that GnRH-induced gonadotrophin secretion was not affected by continuous exposure to acylated ghrelin, but ghrelin inhibited LH secretion in response to naloxone, possibly through central action at hypothalamus (Lanfranco et al., 2008) . Contrary, a bolus injection of ghrelin had neutral effect on LH secretion (Muller et al., 2002) , while consecutive intravenous ghrelin administrations caused significant suppression of LH release (Kluge, Schüssler, Schmidt, Uhr, & Steiger, 2012) . Similarly, to our study, the same authors provided evidence that the effect of ghrelin on LH suppression is extended for at least 6 hr after the administration of the last dose of the peptide. In previous studies, we have demonstrated that sequential intravenous administration of acylated ghrelin attenuates the GnRH-induced LH surge in sheep (Dovolou et al., 2013) and cattle (Chouzouris et al., 2016) . These differences may be related to species differences and/or to the mode of administration (single vs. serial administration). In our latter study (Chouzouris et al., 2016) , the 1.5 μg/kg dose, induced elevation of peripheral total ghrelin concentration up to 2,421.2 ± 446.6 pg/ml that is more than three-fold higher from the one recorded in groups F and F-F of the present study; however, in the present study, the attenuation of LH surge was more profound. We have also shown that in non-pregnant heifers, peripheral total ghrelin concentrations increase significantly after the 16th hour of complete feed restriction (Chouzouris et al., 2018) . In seeking to explain the current observations, we infer that longer exposure to moderately elevated ghrelin concentrations is the more effective suppressor of LH secretion than the short lasting high concentrations. This hypothesis is further underpinned by the results of F-F group, in which the induced LH surge commenced at high ghrelin concentrations that soon after feeding have been lessened to basal levels. The experimental design of the present and previous studies of our group (Chouzouris et al., 2016; provides good evidence that ghrelin can regulate gonadotropin's secretion through direct action at pituitary level; this is because the LH surge was induced in response to buserelin administration and not by endogenously released GnRH. It is well documented that ghrelin negatively affects LH secretion acting primarily at hypothalamic level (García et al., 2007) , but the precise mechanisms driving this effect have staining (Miller et al., 2005) . Further, both Kiss1 and Kiss1r are expressed in pituitary (Amstalden, Cardoso, Alves, & Williams, 2014; Gutiérrez-Pascual et al., 2007) , and it is well documented that kisspeptin can induce LH release (Castellano et al., 2006) . Also, ghrelin attenuates LH release by direct suppression of the effects of kisspeptin on the brain; for example, during fasting, ghrelin administration reduces the expression of Kiss1 mRNA in the anteroventral periventricular nucleus (Forbes et al., 2009) , without affecting Kiss1 mRNA in the arcuate nucleus. These observations indicate that ghrelin may specifically target specific kisspeptin neurons to suppress LH secretion. Further, it has been shown that ghrelin reduces the duration of the kisspeptin-10 induced LH response (Martini et al., 2006) . In group F-F, buserelin was administered at high ghrelin levels; however, 90 min later, total ghrelin concentration returned to basal levels. Hence, one can presume that the effects of elevated ghrelin concentrations on the pathways that control LH release are extended after the restoration of ghrelin to basal levels. As it is widely believed that ghrelin actions on LH release are mainly exerted through regulation of kisspeptin neurons, the specific role of ghrelin on kisspeptin or NPY neurons is yet to be shown.
| Experiment 2
An interesting finding from experiment 2 was that during oestrus, the mode of ghrelin secretion differs between mature cows and heifers. Although our results came from three animals in each group, 39 pairs of data were formed, through which regression curve estimation exhibited strong quadratic relation of time with Although from previous reports, a rather reciprocal relationship between oestradiol and ghrelin has been established (Clegg et al., 2007; Fang et al., 2012) ; to the best of our knowledge, no study has yet quantified ghrelin concentration in cows and heifers during oestrus. In humans, ghrelin concentrations were not affected either by exogenously oestradiol administration or by ovariectomy (Dafopoulos et al., 2010) , while in E2-treated ovariectomized or intact female rats, ghrelin administration had strong orexigenic effect during dioestrus (low E2), but not at oestrus and proestrus (high E2), suggesting possible inhibitory effect of E2 on ghrelin's appetite stimulatory action (Clegg et al., 2007) . On the other hand, during oestrus, almost all cows have significantly reduced dry matter intake (Reith et al., 2014) . In our study, the mature cows during oestrus had-as expected-reduced DMI (data not shown) despite the increased ghrelin concentrations. Hence, in seeking to explain these observations, one could hypothesize that high oestradiol concentrations are able to attenuate ghrelin's actions.
However, this was not the case for the heifers; although oestradiol concentrations were increased as in cows, neither ghrelin levels nor feed consumption was affected. Hence, other-yet unknown factor(s)-should be involved in diversifying the concentrations and/or the role of ghrelin at oestrus between cows and heifers. Prolactin is a possible candidate, as it is regulated by ghrelin (Messini, Dafopoulos, Chalvatzas, Georgoulias, & Messinis, 2009);  it has crucial role in mammogenesis in heifers (Knight, 2001) , its concentrations are peaking during the non-lactating periods (Hart, Bines, Morant, & Ridley, 1978) , and its role as galactopoietic factor in ruminants has been now established (Lacasse, Ollier, Lollivier, & Boutinaud, 2016) . Taking together these findings, we infer that independent mechanisms are responsible for regulating the actions of ghrelin at different ages or phases of lactation. Further research is necessitated to elucidate possible hormonal interactions that govern the different secretion pattern of ghrelin at perioestrual period between cows and heifers.
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